Abstract Certain pediatric rheumatic diseases are known to affect the heart, sometimes requiring surgical intervention. The Pediatric Cardiac Care Consortium database was used to characterize cardiac surgical intervention among children with rheumatic diseases from 1985 to 2005. From this large database, the records for patients younger than 21 years who underwent cardiac surgery for any rheumatic disorder were extracted. The data collected included the type of procedure performed, the age at the time of the procedure, and the year the procedure was performed. The 261 pediatric patients identified underwent 361 cardiac surgical procedures for complications of rheumatic heart disease (RHD; 160 patients), neonatal lupus (NLE; 53 patients), Kawasaki disease (KD; 28 patients), systemic lupus erythematosus (SLE; 13 patients), and juvenile rheumatoid arthritis (JRA; 7 patients). Multiple procedures were performed for 23% of the patients. The most common procedures included pacemaker implantations among infants with NLE, coronary artery bypass grafts for KD primarily in 5-to 15-year-olds, and cardiac valve operations among adolescents with RHD, SLE, and JRA. Six perioperative deaths occurred. The proportion of annual pediatric cardiac surgical volume attributable to rheumatic diseases did not change during the period studied. Despite advances in their medical care, children with rheumatic diseases continue to sustain measurable morbidity and mortality due to the cardiovascular manifestations of their disease.
The associations between specific pediatric rheumatic diseases and their most common cardiac complications are well recognized. Rheumatic fever is associated with valvular carditis (rheumatic heart disease [RHD]), systemic lupus erythematosus (SLE) and juvenile rheumatoid arthritis (JRA) with pericarditis, Kawasaki disease (KD) with coronary artery aneurysms, and neonatal lupus erythematosus (NLE) with congenital atrioventricular block, among others. Despite these well-known associations, the absolute number of children with cardiac complications of rheumatic diseases, particularly complications severe enough to warrant surgical intervention, is low. As a result, data characterizing these most severely affected children are sparse.
Several recent reports describe operative intervention for RHD in children of North America [9, 19] and the developing world [3] , but the number of patients is limited because these are single-or dual-institution reports. Excellent national surveys examining trends in coronary artery bypass grafting for KD in Japan have been reported [24, 25, 34] , but similar data for North America are lacking. For SLE, reports describe echocardiographic abnormalities [1, 18, 20, 32] , but information regarding operative intervention for children with SLE is very limited [11] .
Thus, except for a large registry report describing 113 infants with congenital heart block (primarily due to NLE) [6] , few multicenter studies exist regarding operative intervention for pediatric rheumatic diseases in North America. We therefore used the multi-institutional Pediatric Cardiac Care Consortium (PCCC) database to characterize cardiac surgery among children with rheumatic disorders in North America over a 21-year span.
Patients and Methods

Description of Database
The PCCC is a collaborative network of pediatric cardiac surgical centers in North America that collects information on procedures performed for both congenital and acquired heart disease in children [29, 30] . Each patient has a unique identifier to allow longitudinal tracking within the database. We searched the database for records containing diagnostic codes for arthritis (JRA), KD, neonatal lupus, rheumatic fever (acute or chronic), sarcoidosis, scleroderma, SLE, and vasculitis, and for the terms ''antiphospholipid,'' ''dermatomyositis,'' and ''spondyloarthropathy.'' Cases of surgical intervention were found for RHD, NLE, KD, SLE, and JRA, but for none of the other diagnoses. This study was approved by the Institutional Review Board of the University of Minnesota.
Exclusions
This study included only pediatric patients younger than 21 years at the time of their first procedure. Procedures performed at non-PCCC sites before a patient's admission to a PCCC site were excluded due to insufficient data except for age at the time of first device implantation for patients with NLE. We also excluded the following types of procedures from the analysis: catheterizations, diagnostic procedures, atrial appendage surgeries occurring concomitantly with another surgical procedure, and extracorporeal membrane oxygenation.
Analysis
The surgical procedures included for further analysis were grouped into categories based on type of procedure. Procedures performed on multiple cardiac valves during one operation were counted separately. Multiple procedures performed on the same anatomic structure during one operation (e.g., valve annuloplasty and valvuloplasty on the same valve) were considered one procedure. Autografts of a healthy pulmonary valve into the aortic position to replace a damaged aortic valve (Ross procedure) were counted only in the aortic valve category. Coronary artery bypass procedures were counted as one procedure, and the number of vessels bypassed was recorded.
In-hospital mortalities were reported using available PCCC data. Follow-up data after final discharge of a patient from a PCCC center were not available unless that patient had been readmitted to a PCCC center for another operation.
The annual number of cardiac surgical procedures for pediatric rheumatic diseases was normalized to the annual number of all cardiac surgical procedures among patients 21 years old or younger at the time of their initial procedure. This figure is reported as the number of procedures for the particular disease per 100,000 PCCC surgical procedures.
Results
Between 1985 and 2005, the annual number of PCCC institutions admitting patients younger than 21 years ranged from 14 to 41, and the total number of cardiac operative admissions for patients younger than 21 years was 94,094 ( Fig. 1) . From this large pool, we identified 261 patients who had undergone cardiac surgery for complications of RHD, NLE, KD, SLE, or JRA. These patients with pediatric rheumatic diseases underwent a total of 361 cardiac surgical procedures, and 61 patients (23%) had more than one procedure, resulting in an average of 1.4 procedures per patient. Six perioperative deaths occurred (Table 1) . Most (91%) of the patients with RHD were from North America (United States, Canada, Mexico, Caribbean islands). No patients with NLE, KD, SLE, or JRA were from outside North America.
Among the patients with pediatric rheumatic diseases, RHD accounted for the majority of the cardiac surgical Table 2 describes which valves were involved in each operation. Left-sided valves were involved in all but one case, which required an isolated tricuspid repair. Right-sided valves were included in 10.9% of the procedures, with only one case involving a pulmonary valve (excluding Ross procedures) ( Table 2) . Among all the valve operations for RHD, approximately two-thirds were valve replacements and one-third were valve repairs. The 93 aortic valve procedures comprised 16 Ross procedures, 61 other valve replacements, and 14 valve repairs. The database entries for two aortic operations did not describe the exact procedure performed. Patients undergoing surgery for RHD were typically 5 years of age or older (Fig. 3) .
As expected among patients with NLE, congenital heart block was the most common diagnosis requiring surgical intervention, with 82% of the procedures performed for pacemaker implantation or reimplantation and 5% for device revision (Fig. 2) . Half of the 50 NLE patients who had their first pacemaker implanted at PCCC centers underwent one or more pacemaker replacements at a PCCC center. This explains the finding that patients with NLE had the highest percentage of multiple procedures among the conditions studied (Table 1) .
Initial pacemaker implantations were performed primarily for neonates, whereas pacemaker replacements were distributed across the pediatric age range (Fig. 3 ). Six patients with NLE had cardiac transplants. Interestingly, 14 patients with NLE also had structural congenital heart disease including atrial septal defect, patent ductus arteriosus, ventricular septal defect, anomalous pulmonary venous drainage, pulmonary atresia, situs ambiguous, and anomalous origin of the left coronary artery from the pulmonary trunk.
Kawasaki disease was the third most common pediatric rheumatic disorder leading to cardiac surgical intervention ( Table 1) . As Fig. 2 shows, 19 (61%) of the procedures were coronary artery bypasses. The distribution of bypass procedures included 58% single-vessel, 32% double-vessel, and 10% triple-vessel operations. Seven procedures (23%) were performed for cardiac valve dysfunction (Fig. 2) . None of the KD patients with valve operations had coronary artery bypass surgery. The patients undergoing cardiac surgery for KD tended to be 5 years of age or older (Fig. 3) .
We identified 13 patients with pediatric SLE who underwent cardiac surgical procedures (Table 1) . Among the 15 procedures performed, eight (53%) were valve repairs or replacements, and four (27%) were for pericardial disease (Fig. 2) . No heart transplantations occurred in this group. The SLE patients requiring cardiac surgery tended to be adolescents, consistent with the typical age at onset of pediatric SLE (Fig. 3) .
Seven patients with JRA underwent cardiac surgical intervention (Table 1) including valve repairs, pericardial procedures, and device implantations (Fig. 2) . These patients were primarily older (Fig. 3) .
The proportion of annual cardiac surgical volume attributable to pediatric rheumatic diseases varied substantially (range, 47-667 per 100,000 pediatric surgical procedures), with no obvious trends in this proportion between the years 1985 and 2005 (Fig. 4) .
Discussion
The associations between certain pediatric rheumatic conditions and their cardiovascular sequelae are well known. Because these rheumatic conditions occur infrequently in North America, the absolute number of patients who experience severe cardiac morbidity and mortality is low. We have taken advantage of a large North American multicenter collaborative network to characterize cardiac surgical intervention among patients with pediatric rheumatic diseases. Numbers reflect the patients undergoing a first surgical procedure before the age of 21 years RHD rheumatic heart disease, KD Kawasaki disease, NLE neonatal lupus erythematosus, SLE systemic lupus erythematosus, JRA juvenile rheumatoid arthritis
Rheumatic Heart Disease Worldwide, RHD remains the most common etiology of acquired heart disease in children [7, 8] . Higher rates of operative intervention for RHD are reported in the developing world than in North America. For instance, a report from one hospital in Lebanon described 91 patients with rheumatic fever hospitalized between 1980 and 1995. Of these patients, 93% had RHD, with 28 patients (33.7%) requiring operative intervention [3] . In North America, the incidence of rheumatic fever has declined substantially over recent decades, leading to less cardiac surgical intervention. In the year 2000, pediatric rheumatic fever accounted for 503 hospitalizations in the United States, for a rate of 14.8 cases per 100,000 hospitalized children [28] . Among these hospitalized patients, 30.4% had cardiac involvement, and 2% of the hospitalizations (6 cases) involved cardiac surgical repair [28] . A retrospective analysis of 596 patients with rheumatic fever seen at a single institution in the United States between 1985 and 2003 showed that 26 of 366 patients with RHD (7.1%) required operative intervention [19] . Similarly, a study of 98 patients with rheumatic fever from two pediatric hospitals in Montreal between 1979 and 2005 reported 6 valve replacements among 71 patients with carditis (6.1%) [9] .
The current study included 160 pediatric patients primarily from North America who underwent 200 surgical procedures for RHD over 21 years. The most frequent types of procedures and the age distribution of the patients are similar to those in prior reports [3, 9, 19] .
The large size of the PCCC database also allowed us to detect procedures performed rarely for RHD, including cardiac transplantation required by two patients. Thus, RHD continues to result in measurable cardiac morbidity and mortality among children, even in developed countries. This highlights the need for continued early recognition and treatment of streptococcal pharyngitis, secondary prevention for patients with rheumatic fever [7, 15] , and improved detection of subclinical rheumatic heart disease [27] .
Rheumatic Heart Disease n=200
Kawasaki Disease n=31
Neonatal Lupus n=106
Systemic Lupus Erythematosus n=15
Valve Device Congenital heart block and other manifestations of neonatal lupus result from the transplacental passage of anti-SSA/Ro and/or anti-SSB/La antibodies from the mother to the developing fetus [22] . The majority of patients with congenital heart block require pacemaker implantation, but the percentage of patients requiring pacing varies in different studies. A Finnish study reported 53% of patients required pacing [14] . A North American registry study reported 63% of patients requiring pacing, most often in the first days of life [6] , and a Swiss study reported that 81% of patients required pacemakers [2] . A Canadian study reported that by the age of 20 years, only 11% of patients with neonatally diagnosed congenital heart block were not paced [23] . By providing longitudinal analysis of 55 patients with NLE, our study offers additional insight regarding the longterm surgical course of these patients, including the need for pacemaker revision and even cardiac transplantation. These data provide additional motivation for efforts aimed at understanding the pathogenesis of congenital heart block and the development of effective preventive strategies [22] . Additionally, we noted the presence of structural congenital heart defects in 26.4% of patients with NLE. Other studies have reported this as well, with rates ranging from 14 (12.4%) of 113 infants to 38 (42%) of 90 infants with NLE [6, 14] . Similar to our data, the most common abnormalities included atrial septal defect and patent ductus arteriosus. These defects are not thought to be directly related pathogenically to the presence of anti-SSA or anti-SSB antibodies [6] . A proposed mechanism is congenital heart block that causes asynchronous contraction of the atria and ventricles and interferes with proper closure of the foramen ovale, leading to atrial septal defect [14] . These observations suggest the need for a more focused investigation to determine how autoantibodies influence cardiac development.
Kawasaki Disease
Kawasaki disease is the leading cause of acquired heart disease among children in Japan and North America [5] . The incidence of KD in Japan (108/100,000 in 1996) is several times higher than in the United States (17.1/ 100,000 in 2000) [21, 35] . Several excellent studies from Japan have reported the outcomes for large numbers of children in whom coronary artery bypass grafts have been performed for sequelae of KD [24, 34] . Kitamura et al. [25] recently reported a 20-year survival rate of 98.4% among 110 Japanese patients with KD in whom bypass was performed. Similar data for North American patients are sparse and confined largely to case reports or small case series [17] . Our data also highlight the fact that patients with KD may have not only involvement of the coronary arteries, leading to the need for bypass, but also valvular involvement severe enough to warrant valve repair or replacement. The age distribution of the KD surgical cohort we report is similar to that of prior reports [17, 34] .
Systemic Lupus Erythematosus
Most reports of cardiac involvement in SLE describe echocardiographic findings in adult patients [10, 31, 33] . Reports of echocardiographically defined cardiac involvement in pediatric SLE also exist. A study of 31 pediatric patients reported 7 with pericarditis, 5 with myo/pericarditis, and 1 with myocarditis [32] . Additional studies have reported valvular regurgitation in 5 of 14 and 8 of 40 pediatric SLE patients [1, 18] . A recent description of 256 pediatric SLE patients reported 39% with pericarditis, 6% with myocarditis, and 1% with endocarditis [20] . Thus, patients with pediatric SLE commonly experienced cardiac complications. Reports of surgical intervention for cardiac complications of SLE, however, are infrequent. One report describes surgical intervention for nine adults with SLE including six coronary artery bypass grafts, two valve replacements, and one combined cardiac and renal transplantation [26] . In pediatric SLE, a single case report of a mitral valve replacement for a 17-year-old with lupus has been published [11] .
Our study provides additional insight regarding the requirement for cardiac surgery among pediatric patients with SLE. Although pericarditis is observed more commonly than endocarditis in both pediatric and adult SLE [13, 20] , we found that valvular disease accounted for the majority of cardiac surgical procedures among pediatric patients with SLE. This presumably reflects the fact that pericarditis is more easily managed pharmacologically or via pericardiocentesis. Our report should serve as a reminder that cardiac valve involvement, although uncommon among children with SLE, can progress to the need for surgical intervention.
Juvenile Rheumatoid Arthritis
Juvenile rheumatoid arthritis (JRA) and juvenile idiopathic arthritis (JIA) can lead to pericarditis, myocarditis, or endocarditis. Cardiac involvement is a concern primarily among patients with systemic juvenile arthritis, although patients with other JRA subtypes and cardiac complications have been reported [4, 12, 16] . The database we used did not contain information regarding the subtype of JRA each patient had. Similar to other reports, however, pericardial and valve procedures accounted for the majority of procedures among patients with JRA.
Study Limitations
Because this study was retrospective and relied on an existing database, certain data could not be obtained, leading to some limitations of the study. For instance, longterm outcome data are not included because the database contains only interventional records from its participating centers. Therefore, patients whose subsequent visits are noninterventional or occur at other sites are not available for analysis. Importantly, the PCCC database also does not include information regarding the total number of pediatric patients with rheumatic diagnoses evaluated at the participating institutions during the same period, a parameter necessary for calculating the percentage of pediatric patients with these disorders that require operative intervention. Other finer resolution data such as patient socioeconomic status or the type of valve (tissue or mechanical) used for valve replacement surgery also were not included in the database. Despite these limitations, the large number of patients and multiple centers contained in the PCCC database do provide more extensive characterization of cardiac surgical intervention for pediatric rheumatic diseases than has been available previously.
Conclusions
The current study investigated cardiac surgical intervention for pediatric rheumatic diseases in North America over a 21-year span. Although the study patients represent a minority of patients with pediatric rheumatic diseases, they clearly experience measurable morbidity and mortality attributable to the cardiovascular manifestations of their diseases. Additionally, pediatric rheumatic diseases account for a small but measurable proportion of the pediatric cardiac surgical volume, a proportion that is not apparently declining despite improved medical therapy for these disorders. This study highlights the need for improved understanding of the mechanisms by which rheumatic diseases damage the cardiovascular system and the need for improved recognition and management of their cardiovascular complications in children.
